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ON THE KN3CKING OF 
By Ladwig
NDUM NO. 371. 
GAcLITE ENGINES.* 
R11L1 31'. 
Since Heller's report (l?Zeitschrift des Vereines deutscher 
Ingenieur&' 1923, Page 158) on the knocking of automobile en-
gines,, the results of extensive experiments by Ricardo and his 
assistants have been published (Ricardo, "The Internal Combus-
tion Engine," Vol.	 II, High Speed Engines, London, 1923), which 
constitute a notable contribution to the knowledge and remedy
of this trouble. It is of the greatest importance, not only for 
automobile engines, but also for every other kind of internal 
combustion engine, since it limits the degree of compression 
and the thermal efficiency and its investigation indicates ways 
for saving fuel. 
Characteristics and Results of Knocking 
If an ignit;ible, sufficiently compressed gaseous mixture is 
ignited in a closed space, the combustion is propagated at a 
certain velocity from the point of ignition and with an accompa-
nying increase in pressure. If the heat, thus generated, exceeds 
a certain amount, there are produced, in and near the combustion 
places, temperature ar-cl pressure increases, which cause a sudden 
* U'oer das K1cp.'en dci' Zudeirotoren. From t t Der Motorwagen, II 
1925 Nov. 20, pp. 682-68; 196 Jan. 20, pp. 28-32; May 10, 
pp. 281-290; Juie 20,. pp. 374-375. 
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combustion in the unburnt portion of the combustion chamber, 
thereby producing waves which strike violently against the walls 
and produce the well-known 'hard metaili.o tt knocking. I* This vio-
lent combustion or detonation increases the compression and tern-
perature of the already burnt gas, as well as the temperatuie 
of the spark plugs and other poorly cooled parts and, if not rem-
edied, allows the originally feeble knocks to become continually 
more violent and raises the temperature of the spark plugs, etc., 
until premature or self-ignitions  take place during the compres-
sion and before ignition by the spark plugs, thus rendering oper-
ation impossible. These preignitions must not, however, be con-. 
fused with the detonations. Self-ignition can even occur without 
previous detonation, when the final compression temperature ex-
ceeds the self-ignition temperature. Detonation can likewise 
occur without producing spontaneous and premature ignitions, 
provided the force of the detonation does not exceed a certain 
degree which depends on the cooling conditions of the given en-
gine.
The force of the detonation varies. The weakest form is 
often very difficult to recognize, as there is no decided noise, 
but only a certain bard functioning of the engine. Since at the 
*Berthelot measured the following velocities of explosion waves 
in tubes: Hydrogen and oxygen, 2820 m (9252 ft.)/sec. 
	
Acetylene and oxygen, 2450	 (8038 "
	
II 
Methane and oxygen, 	 2300	 (7546 1 )/U 
Chlorine detonating gas 
and oxygen,	 1730 ' (5676
 
At 2500 m (8202 ft.)per second, the kinetic energy of a cubic 
centimeter of air, at 250000 (4532 0F) and 20 atm. (284 lb./sq.in .) 
is almost 8 m kg (s8 ft.-lb.),.which explains the force of the 
blow.
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time of its occurrence, the highest practical compression under 
the given conditions has been reached, the engine is then gener-
ally consuming the least fuel and eie ating the most power. 
The endeavors were chiefly to det'rmine to what extent the 
power output and fuel consumption were affected by the detona-
tion, as well as the causes of its production and its relation 
to the fundamental chemical and physical properties of ignitible 
gas mixtures and. to the functioning conditions and structural 
forms of the engines and, lastly, to find means for its elimi-
nation.
The Experiments and Their Significance 
1. The English experiments were performed in part on spe-
cial experimental engines*, namely, a vertical single-cylinder 
engine with a very favorably shaped combustion chamber and ad-
justable compression during operation, and a single-cylinder en-
gine for overloading, and verified on numerous normal and mostly 
four-cylinder engines; and also in part on a special comprossion-
ignition apparatus**(Fig. i), which worked on a principle al -
ready utilized by Falk.*** The latter's experiments were espec-
ially important for the knowledge of the connectionbetween the 
* iI F.eport of the Empire Motor Fuels Committee," published by the 
Institution of Automobile Engineers,'! London, 1924, p.63. Ref-
crence will hereafter be made to this report simply by the word. 
"The Causes of Detonation in Internal Combustion En-
gires," Trans. N. E. Coast institution of Engineers and Ship-
bui].iers, May, 1921; "The Self-Ignition Temperature of Fuels," The 
Automobile Engineer, 1923, p. 136. 
***I'a1k,'The Ignition . Temp eratures of Gaseous Mixtures," Journal 
of the American Chemical Society, 1907, p. 1936.
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tendency of the gaseous mixture to detonate, on the one hand, 
and between the spontaneous ignition temperature and the combus-
tion speed, on the other hnri 
The working cylinder of 114.3 r.m (4.5 in.) diameter and a 
maximum piston stroke of 203.2 mm (8 in.) can be shifted in a 
guide, so that the size of the compression chan'foer can be very 
accurately adjusted. The motion of a heavy flywheel, driven by 
an electric motor, is transmitted to the piston through a fric-
tion coupling, connecting rod and a bell crank. As soon as the 
piston rOaches its highest position, the bell crank is automatic-
ally held firm in its extended position and the connecting rod 
is released. The compression pressure is recorded photographic-
ally by an optical indicator. From this record the exponent of 
the polytropic compression and also the final temperature, with 
known Initial temperature, are calculated. First the heat commu-
nicated to the walls, by compression below the self-ignition tem-
perature and temperature measurement during cooling was calculat-
ed and it was found that the temperature' loss was given quite 
accurately by -	 = k t, wherein z is the time in sec-
onds; At, the difference betwcen the temperatures of the gas 
and walls; k, the constant for air and carbon dioxide 1.4 
and for hydrogen 1.8. Fig. 2 is a diagram for hydrogen without 
ignition and Fig. 3 is a diagram for a mixture of 0.8 part hep-
tane and 15 parts air with ignition. In this and in another dia-
gram (Fig. 4) for the combustion of heptane in air withasmall-
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er time scale, 1) denotes the final compression pressure and 
the beginning of the combustion and 2) the beginning of a sud-
den rise in pressure and temperature, a point of time at which 
the heat developed by the combustion considerably exceeds the 
heat lost by cooling. The ignition temperature is given by the 
initial temperature and the final compression pressure, while 
the time interval 1) - 2), between the reaching of the final 
compression pressure, necessary for self-ignition, and the be-
giining of the sudden pressure increase caused by the rapid com-
bustion, is a criterion for the combustion speed at the exist-
ing compression pressure and the corresponding temperature and 
can be quite large under certain conditions. 
-
	
	
2. A small wind wheel was built into the apparatus, in or-
der to determine the effect of the turbulence and of the conse- 
quent greater amount of heat communicated to the walls. Table I 
shows the effect on the ignition temperature. 
1Vh1c T. 
Minimum ignition temperature Temp. loss with 
Fuel without and with wind wheel
or without 
wind wheel 
Heptane 280°C(5360F) 307 00(584.6°F) 2.90°C(5220F) 
Ether 212°C(413.6°F) 235°C(4550F) 3.O8°C(5.540F) 
Carbon disulfide 25300(487. 4) 300°O(572 0F) 3.400C(6.120F)
On the contrary, Ricardo's experiments with an engine having 
several valves, which he caused to operate all together and then 
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part at a time, showed no difference as regards the detonations 
which was probably due to there being no essential differenco in 
the strength of the turbtleace. 
The difference in the ignition temperatures is due) in my 
opinion, to the fact that, in the undisturbed gas, the portions 
adjacent to the walls form, to a certain extent, a heat insu-
lator for the hotter interior portion from which the combustion 
proceeds. The mean ignition temperature of the disturbd gas 
would then closely approximate that of the given fuel and corre-
spond to the temperature of the hotter interior in the undis-
turbed gas. In the latter case, the mean temperature of the 
combustion chember is naturally lower than the temperature of 
the interior portion. Since the mean gas temperature is higher 
in the turbulent condition, the combustion speed would be great-
er and the ignition delay smaller, an assumption which appears 
to be confirmed by other . diagrams published by Tizard (Automot-
ive Industries," 1922, p.130). 
3. The well-known considerable effect of the shape and di-
mentions of the compression chamber, on the maximum allowable 
compression and the consequent power and efficiency, was again 
confirmed by numerous experiments on various engines and can be 
ex-plained partly by the effect of the turbulence and partly by 
the differences in the ignition distances. The combustion cham-
ber nuist be as compact as possible and the spark plugs near the
CN.A.C.A. Technical Memorandum No. 371
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middle, in order to shorten the ignition distances. The well-
known improvemet in cwe an(. fuel consurption, through two op- 
posite spark plugs in man:T Dngi.es, is due to the more rapid 
combustion of the whcl e mi.xturo r;su]. ting from the shortening 
of the ignition distances	 In ordsr to lessen the knocking 
when the ignition is piducedat only one end., the spark plug 
should be located at the hottest point, neely, near the exhaust 
valve, in order that the unused gases may lose some of their 
heat by being pressed against cold surfaces, so that the combus-
tion speed will remain within the corresponding limits and no 
explosion waves will be generated. The more uniform the temper-
ature throughout the whole combustion chamber and the more uni.-
form the combustion of the mixture, just so much less is the 
danger that detached portions of the charge may detonate. From 
this viewpoint, the effects of the various arrangements; as 
shown in Fig. 5 (according to Ricardo), are easily understood. 
4. The lessened tendency to knock, when the revolution 
speed is increased, is due partly to the increased turbulence, 
which eliminates the tcperature differences in the combustion 
chamber and, through increased heat liberation, keeps the mean 
gas temperature lower, 'out the lessened charge probably has 
some effect also. 
5. The final compression temperature not only detemincs 
the possibility of self-ignition, but also the combustion speed
N.-C.A.. Technical Memorandum No. 371 	 8 
from spark ignition. For judging fuels with regard to their 
tendency to knock, the differences in the ccmbustion speeds at 
the same temperature, as also n.ir i.ncreasewith rise in tem- 
perature, is just as important as the self-ignition temperature. 
In Fig. 6 the ignition delay for various fuels is plotted 
against the temperature. The differences between the curves 
for heptanc and carbon disulfide are especially manifest. The 
latter has a very low self-ignition tenpe:a-bure and can never-
theless be very difficultly made to knock (if at all), while 
heptane, with a 27 0C (48.311F) higher self-ignition temperature, 
knocks very easily. This behavior can be exp1a±nec by the dif- 
ference in the combustion speeds, as indicated by the ignition 
delay at temperatures abcve 300 0C (572°F). According to Tizard, 
at 3000C (572°F) heptane has the same; at 500 00 (932-F), about 
seven times; and at 100000 (1832°F), about seventy times the corn- 
bustion speed of carbon disulfide. HydroRen knocks very easily, 
in spite of its higher self-i gnition temperature. Its combustion 
speed increases very rapidly with the temperature. Unfortunately 
this does not show so clearly on the diagram, since the curve is 
not crossed by any other. 
Since the tests in the engines give just the same arrange-
ment ci' the fuels with regard to their tendency to knock, as the 
experiments with the special compressicn-ignition apparatus, the 
formula dw/dt (in which w denotes the combustion speed and 
t the gas temperature) seems, in fact, to be decisive. For
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fuels with the same tbmperature coefficient (as Tizard calls 
dw/dt), the self-ignition temperature would, however, be deci-
ive, as is the case for cheniicaLy pu2e. hyd:. ,ocarbonsi alcohol, 
ether and acetone. 
6. At the beginning of the combustion, the knocking seems 
to be affected more by the pressure than by the temperature. 
An increase of 0.1 in the compression ratio, between 4.8 and 5.2, 
requires, for equalization, a temperature reduction of the in-
drawn hexane-air mixture of 10 0C (500F) in the region between 
40 and 700C (104-158 0F), corresponding to a temperature differ-
ence of about 17 00 (30.60F) at the end of the compression. In a 
few fuel mixtures the compression ratio which causes, knocking 
can be determined, with an accuracy of 1-5% (Report, 15248), i.e., 
at 4.8 : 1 there was only a very ligtit knocking, while at 
4.9 : 1 the knocking was already bard, this. difference ' corre-
-	 sponding to a difference of only ±1°C (±1.8°F) in the compres-
sion temperature. 
A relatively great effect of the pressure, in comparison 
with the temperature, leads to the conclusion that throttling 
the intake reduces the knocking, although at the same time (with 
the same proportionate weight of the exhaust gases and a smaller 
one of the fresh mixture) the mean temperature of the mixture 
during the compression is higher than in an unthrottled engine. 
This phenomenon was utilized in high-altitude aviatioi engines
N.A.C.. Technical Memorandum No. 371 	 10 
and in an Austro-Fiat truck engine (Z.V.d.I. 1924, p.1199) to 
increase the compression, thereby reducing the fuel coiiumption. 
Although even here the greater diiitin of the residual gases 
(in comparison with the unthrottica engine) hassorne effect, 
the pressure is certainly a very irportant factor. Experience 
has shown that the tendency to knock decreases in aviation en-
gines at high altitudes (while the ratio of the residual gas to 
the fuel gas remains practically unchanged) ciid also when the 
intake temperature isI:p constant by preliiinary heating. 
Unfortunately neither the experiments with the engines nor 
those with the compressicn-ignition apparatus sufficed to sopa-
rate the effects of the temperature, pressure and mixture ratio. 
With the compressicn-ignition apparatus, sufficient temperature 
differences of the gases before compression could not be oh-
tamed, since the leather packing sleeve of the piston was dam-
aged at temperatures o± over 60 00 (140 0F) of the heating jacket, 
so that the final compression temperature could be raised only 
by increasing the compression ratio. The effect of the pressure 
could probably be determined by experiments with a previously 
compressed mixture, but I found no report on this subject. In 
the engine experiments, the changing of the compression ratio 
affected the quantity of the residual gases, which, as 	 will, be 
subsequently shown, has an important effect on the detonation. 
a
7. Since everything indicates that the knocking depends
Technical Memorandum No. 371. 11 
chiefly on the self-ignition temperatures and the combustion 
speed of the mixture, those o:perimcnts are secial].y important 
which render it possible to detei'i.c thai both by themselves 
and, at times, in terms of only one of the independent variables 
(pressure, temperature, mixture ratio), for the largest possible 
number of fuels and their mixtures, as also with the 'use of cat-
alyzers. These are 
A. Experiments for determining the ignition point and 
pressure;
B. Experiments in a sphei'icai combustion chamber for de-
termining the combustion speed. 
A. The experiments of Tauss and Schulte (Z.V.ä.i. 1924, 
p.574) agree in giving about the same decrease in the self-igni-
tion temperature with increasing pressure. Unfortunately the 
experimental results of only a few of the fuels utilizable in 
internal combustion engines were published (Fig. 7). 
B. The establishment of the method of indication of the 
combustion speed is des:i,rable before further discussion, since 
the speed at which a combustion surface advances can be meas-: 
ured:*  
*1LgeI, t iVersuche i1ber die Zilndeschwir1digkeit explosiver
Gasgemische," Mitteilungen Aber Forschungsarbeiten, No.54, 1908. 
Flamm and Mache, 'Die Verbrnnung eines explosiven Gasgemis-
ches in cinen-i gosohiossenon Gef&ss, Druckschrift der Akaciemie 
der Wissenschaften in V;iorma Hath.-naturw. Klasse, 1917. 
Mache, Ueber die Aenerung der Verbrennungsgeschwindiglsit 
von Wasserstofçuftgemischcn mit Druck und Temperatur nach Var-
suchen von A. Nagel," in Vienna Math.-naturw. Kiasse, 1923,
a 
n
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a) Relatively to the unburned mixture (chemical, linear-
combustion speed); 
b) Relatively to the ccmbis;1on rnduets; 
c) Relatively to the distance traversed by the combustion 
(direct combustion speed); 
d) As mass combustion speed, i.e., by the weight or volume 
of the mixture (measured at the initial temperature and pres-
sure) which burns per second in the unit area of the combustion 
surface, 
Case a exists (for example) when a combustible mixture flows 
through a pipe and burns at its mouth and the rate of flow is so 
adjusted that the otherwise conical combustion surface changes 
to a flat one. The flow velocity of the unburned gas is then 
equal to the combustion speed as defined according to a. 
Since it must be assumed with Nsselt ('Die ZSndgeschwindigkeit 
brennender Gasgemische," Z.V.d.I. 1915, p.872) that no sudden 
rise in temperature takes place in the combustion surface and 
that there is accordingly a gradual expansion of the inf lowing 
gas and a simultaneous increase in the flow velocity before reach-
ing the place of burning, it should be added that the velocity 
of the gas before reaching the burning plaae is meant. Ngcl, 
Neumann ("Untersuchung des Arbeitsprozesses im 'ahrzeuiotor, ll 
Mitt. uber Forschungsarb., No. 79, 1908) and Bucher ("Untersuh- 
ung ibcr die Vcr'orennung mthanholtigcr Gasgemische," Mitt. ber
N.A.C.A. Technical Memorandum No. 371
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Forschungsarb., No. 117, 1912) ignited the mixture by an electric 
spark in the center of a spherical chamber having a radius r 
of 20 cm (7.87 in.), recorded the pressure continuously with an 
optical indicator, and determined from th elapsed time t, the 
mean (spatial) combustion speed c = 	 from the ignition ioint 
a (Fig. 8) to the point of maximum pressure e. 
The effect of the temperature on the mean combustion speed 
can	 only be determined qualitatively from two of Nâgei)s exper-
imental groups with mixtures of illuminating gas and air,and 
generator gas and air. Fig. 9 shows a somewhat higher velocity 
at an initial temperature of 75 00 (167 0F) tbanat 150C (590F). 
No further conclusions can be drawn from this fact, however. 
Bucher1 s experiments were all performed with mixtures of methane 
and air, and methane, hydrogen' and air, at 15 0C (59°F), while 
most of Neumanns were made at the initial temperature of 400C 
(104°F). 
The effect of the initial pressure is not the same in the 
individual mixtures. While with mixtures of hydrogen and air, 
the mean combustion speed increases perceptibly with increasing 
pressure above a certain proportion of hydrogen and increases 
very rapidly with rich mixtures (Fig. 10), there is an increase 
in speed in poor mixtures only between 0.5 and lkg/cm2 (7.1 - 
14.2 lb. /sq. in.) absolute pressure and not any speed increase 
at all in the very poorest mixtures (0.1% of hydrogcri), and 
there is even a decrease in speed at higher pressures.' A similar 
P. 
I
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behavior is exhibited by mixtures of methane and air; methane, 
hydrogen and air; and gasoline vapor and air (Figs 11-13). Tho 
mean combustion speed gives, however )
 
c-,.-il y a crude picture of 
the actual behavior of th niixtuie snoe. :n nearly all cases, 
the first (the gradual ascent) of the pressure line is decisivo 
The more or less rapid increase of pressure and combustion speed 
(dependent on Tizards temperature coefficients) in the last 
part of the combustion pe:ciod a ppears Only very much diminished. 
A clearly perceptible bend in the gasoline-air pressure lines at 
high initial pressures is characteristic. This bend separates 
the line of gradual pressure increase from that of sudden in-
crease and is probably connected with a combustion wave and there-
fore probably shows the effect of the pressure more plainly than 
the mean combustion speed Tinder such circuistances, it is very 
gratifying that Flamm and Mach-, succeeded in developing an analyt- 
it ical method (already suggested by Nigel) for calculating the 
chemical (a) and mass (d) combustion speed from the time-pressure 
lines, at each instant of the combustion period, and their rela-
tion to the spatial combustion speed (c). 
Since a measured pressure and a computable ignition tempera-
ture can be coordinated for every instant of the combustion per-
iod, it is possible, according to Mache, to plot the combustion 
speed against the pressure and temperature. Figs. 14-15 give 
Mache's computed values of the chemical and mass combustion 
I	
speed w for a hydrogerr-air mixture with about 21.3% of hydrogen,
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The mass combustion speed increases in this case beyond 1000C 
(212 0F) with the temperature, but then remains almost constant. 
Its dependence on the pressure p can be well represented by 
w w0 pfl with an exponent gradually 'decreasing from 1.36 to 
1.30, so that Mache suspects that for very high pressures, it 
will be proportional to the pressure, as in the case of solid, 
completely vaporizable fuels (colloid powders). The chemical 
(linear) combustion speed increases with the temperature, but the 
increase is smaller in the mass than the density of the mixture 
decreases with increasing temperature. It increases with the 
pressure, but the rate of increase gradually diminishes as the 
pressure increases and finally, becomes constant at very high 
pressures (when w is proportional to the pressure). 
Since this method of determining the combustion speed is 
probably the only one capable of yielding information concerning 
its magnitude at high pressures and temperatures, further re-
searches in this direction would be very desirable. In judging 
the values given here, it should not he forgotten that for mak-
ing the computation, certain simplifications are desirable (mo- 
mentary pressure equalization in the combustion chamber at every 
instant, and therefore no flow, and no heat transmission to the 
walls), the admissibility of which should be verified by new com-
putations or experiments. It may perhaps be possible to make 
the computations more closely approximate the actual processes. 
The laws of chemical dynamics make the effects of .pressure
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and temperature on the ignition temperature and combustion 'nc,"i", 
and consequently on the tendency to knock, seen reasonable and 
even necessary, since the mean speed s increased by the tcriiper-
ature; since the number of molecules per unit volume is increased 
by the pressure; and since, in any case, the capacity of the 
mixture for chemical reaction is increased. 
8. The effect of the mixture ratio and its content in oxy-
gen and fuel is explained by the change in the number of active 
molecules per unit volume. Ricardo burned a fuel mixture, en-
riched with oxygen and diluted with nitrogen, carbon dioxide, and. 
water vapor, in an engine with variable compression ratio. In 
the first case the compression ratio had to be considerably re-
duced,, in order to stop the knocking, with 3.1-4.12 : 1 unit 
volumes of additional oxygen against 4.5 : 1 when operated with 
air, gasoline free from aromatic hydrocarbons being used. Con-
siderably higher compression ratios were pernissible in the di-
luted mixtures, as shown by Fig.. 16. Thereby the final combustion 
pressure was naturally higher, but the difference between the 
final compression pressure and the combustion pressure for all 
the combustion gases and all the mixture ratios, was only slight 
in comparison with the normal fuel mixture of gasoline and air. 
The maximum combustion temperature, however, was higher for the' 
mixture enriched with oxygen and lower for the mixtures diluted 
with inert gases than for the normal mixture of gasoline nd air,
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because less heat was generated with ápproimately thO same 
charges. In like manner the combustion speeds also differed from 
the normal. The effect of the !cwer drs3.y of the charge in 
reducing the combustion speod wai thoret±or still further in- 
creased by the lower combustion temperature. A similar oleva-
tion of the allowable compression pressure and an improvement 
in the fuel consumption was also effected by the addition of 
cooled exhaust gases (Fig. 17). The increase in the fuel con-
sumption at a compression ratio greater than 6 1 is due to in-
complete combustion in the then too poor mixture. By usinggas-
oline free from aromatic hydrocarbons, the compression ratio 
could be raised from 4.85 (at which the noma1 mixture detonated) 
to 7.5. 
The employment of mixtures poor in oxygen accordingly appears 
as a means for increasing the cpmpressicn ratio and reducing the 
-	 fuel consumption, but even here, unfortunately, narrow limits 
are set to the dilution of the mixture. These limits are given 
approximately for single-cylinder engines of the best type, by 
the largest volume percentages shown in Fig. 16. Further dilu- 
tion causes retarded combustion and misfires. The dilution can 
not be carried so far in multicylinder engines on account of the 
uneven distribution. The mixture ratio seems to affect both the 
self-ignition temperature and the combustion speed. 
Moore (Z.V.d.I. 1921, p.1280) and Tauss (Z.V.d.I. 1924, p. 
576) both found in the engine experiments a considerable lowering
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of the self-ignition temperature as a result of increasing the 
oxygen content. I could not find, however, any experimental 
data on the combustion sped of fuel mIturos over-rich in oxygen 
Fror. what has been said, it see'i to follow that in mixtures 
of fuel and air, deviations from the chemical mixture ratio les-
sen the tendency to knock. This is at least approximately true, 
although according to Neumann, a mixture of gasoline vapor and 
air has the maximum combustion speed when there is about a 25% 
shortage in the air supply (Fig. 13). Since a much greater en-
ricbment than impoverishment is possible, without danger of re- 
tarded combustion it follows that the custom of burning easily 
knocking fuels only in rich mixtures is justified. Not over 
2011o' excess of air can be used with most liquid fuels in a well-
built, one-cylinder engine and io% in rlticylinder engines, 
while the air-shortage limit is much greater (up to 7s%). 
The effect of fuel enrichment on the attainable compression 
pressure seems to depend just as much on the elevation of the 
specific heat of the mixture (perhaps also on the increase in 
the heat-conduction capacity) ., as on the elevation of the igni-
tion temperature and the retardation of the combustion through 
deviation from the exact chemical ratio of the fuel mixture.* 
*Schle (Technische Thermodynamik, t 36 edition, Vol. II, p.329) 
plotted the results of the experiments on the effect of the mix-
ture ratio against the ignition tempratre (Fig. 20). 
Falk (Z.V.d.I. 1915, p.875) gave an ompirical formula for the 
effect of the nitrogen content on the ignition temperature of 
combustible mixtures. I
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For a mixture of heptane and air, the compression proscure 
necessary for self-ignition increases, according to Tizard's 
experiments with the combustion-ignition apparatus (The Autor.o-
bile Engincer, 1923, P. 137) approximately as the proportion of 
heptane in the mixture (Fig. 18), while the exponent of the 
polytropic compression cue k = 	 rapidly decreases.
CV 
Likewise an experiment of Ricardo t s (Report, p.334) on an 
engine with variable compression ratio with gasoline free from 
aromatic constituents (Fig. 19), shows that an increase in the 
compression ratio is possible in a deviation from the mixture 
ratio for perfect combustion, but only to a relatively small do-
gree. The attempt to work with very poor mixtures through strat-
ified charging (with a rich layer at the ignition point and the 
rest of the combustion chamber filled with as poor 
.
a mixture as 
possible) gave very, fine results in the experimental engines, 
which are impossible, however, in practice, due to structural 
and technical difficulties. The experimental points marked by 
crosses (Fig. 19) indicate how high the compression can be cai'-
ned in this manner. 
Gaseous fuels allow considerably greater dilutions and com-
pression.-ratios and tlii.s enable a regulation of the mixture 
within wide limits, which is naturally much more economical than 
the simple throttling of engines using liquid fuels. The dilu-
tion of hydrogen can be carried especially far, Ricardo attain-
ing in this way an air excess of 1001110 and a compression ratio
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of 7, with a thermal efficiency of 43%. 7ith hydrogen, however, 
any shortage of air causes preignition and violent explosions 
(Fig. 19). 
9. Beofore considering the individual fuels more in detail, 
we will explain the method employed by Ricardo for classifying 
the fuels according to their tendency to knock. Toluene was 
chosen as the characteristic liquid which, in an engine with 
variable compression, stands a compression ratio of over 7.8, 
and which was given an index value (the "toluene value") of 100. 
On the otherhand, an index value of 0 was given to gasoline 
free from aromatic hydrocarbons, which allows a compression ratio 
of 4.85. The toluene values 0-100 were coordinated kvith tho 
compression ratios 4.85-7.8 and, a fuel, which admitted of a 
definite intermediate compression ratio, was given the coi're-
sponding toluene value. Since it was found that the compression 
ratio at which the detonation begins is, in general, directly 
proportional to the ratio of ' mixture (by wei ght) with aromatic CD 
hydrocarbons (Report, p.82), it would also be possible to deter-
mine the toluene values in other engines with variable compres-
sion than the ones employed by Ricardo It would only be neces-
sary to determine the allowable compression ratio for the given 
fuel and the mixture of toluene and normal gasoline which has 
the same compression ratio. 
As shown by Table II, the gasoline used by Ricardo as the 
basis of. comparison (line 1), which contains 1.7% aromatic hydro-
NA.C.A. Technical Memorandum No. 371 	 21 
I
carbons, is by no means the fuel with the lowest allowable corn-
pression ratio, so that negative toluene values are also possible. 
Moreover, toluene is surpassed, in its preventi.ve effect against 
detonation, by other liquid fuels (eg., ethyl alcohol.) but, for 
Ricardo, the easy availability, in large quantities, and the 
mixability of the fuels compared were the determining factors. 
For standardization purposes, only chemically or practically pure 
fuels were considered as permanent haces of comparison. The in-
vestigation could be carried on with small quantities with the 
compression-ignition machine and the necessary degree of purity 
of the standard fuels had to be established by comparison with 
chemically pure fuels. Ricardo also determined, in his engine 
for overloading, the toluene values of various fuels, which 
agreed very well 
with the results obtained in the engine with 
variable compression. 
In determining the toluene values of the fuels, the elimina-
tion of influences which, aside from the chemical composition, 
can affect the detonation, is naturally of great importance, but 
can be only parti1ly accomplished-, and hence calculations are 
often necessary on the basis of experiments with the same fuel 
under different operating conditions. Above all, the fuels 
must be tested under the same accurately defined ratios of mix-
ture.
10. Ricardo tested a large number of fuels (chemically or 
technically pure, both in natural and artificial mixtures) with
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reference to their tendency to knock, the results being given in 
Table II (end of report). 
The tendency of the hydrocarbons to knock increases with 
the relative content of hydrogen, as shown in 
Table III.
Formula	 Toluene value 
Aromatic hydrocarbons 	 On	 lop 
Naphthenes	 C H2	 30 (about) 
Paraffines	 On H22	 -20 
Among the aromatic hydrocarbons, benzene (benzol) (ce;) 
detonates the easiest, followed by xylene (c8 H) and toluene 
(07 H 8 ) which, with the exception of methyl alcohol, is the most 
difficult to detonate of all the fuels tested. In fact, it could 
hardly be made to detonate and was accordingly chosen as the basis 
of comparison. Its effect in fuel mixtures is correspondingly 
great, though considerably smaller than that of benzene. 
The aromatic hydrocarbons cannot be made to detonate in the 
variable-compression engine, but self-ignition occurs at a com-
pression ratio of 7 : 1. The addition of a small quantity of 
the paraffines caused detonation at high compressions. In this 
group the specific weight and boiling point furnish no basis 
for judging the tendency to knock. 
In the naphthenes and paraffines the tendency to knock in-
creases with the size of the molecules and the corresponding in-
II
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crease in the specific gravity and boiling point. The alcohols 
have but little tendency to detonate, ethyl alcohol being the best 
anti-knock substance for fuel mixtures. Unfortunately, only ab-
solute alcohol will mix in all proportions with the paraffines, 
naphthenes and aromatic hydrocarbons and the water content of 
alcohol cannot be reduced below 5% by the customary process of 
distillation. Orniandy and Craven (Report, p.313) thoroughly in- ZD 
vestigated the solubility of the hydrocarbons in water and found 
that it generally increases in 92% alcohol with the toluene value, 
but that there are numerous exceptions (Fig. 22). 
Ether had the smallest toluene value of all the fuels test-
ed. Pure carbon disulfide ignited spontaneously, even at very 
low compression ratios and cooling-water temperatures, so that it 
cannot be used pure in engines. It does not detonate, however, 
and sees as a remedy for fuels which knock too-easily. In like 
manner the aromatic hydrocarbons and ethyl alcohol ignite spon-
taneously without detonation at correspondingly high temperatures. 
All numerical data must, however, be regarded as only ap-
proximate, since the so-desirable investigation of fuels in the 
perfectly pure state was impossible, because sufficient quanti-
ties were not available. 
11. The mixture law applies approximately to mixtures of 
hydrocarbons, as already mentioned. The aromatic components nat-
urally have the greatest effect on the tendency of the fuel to
N,A.CA. Technical Memorandum Nd. 371	 24 
I
detonate, so that the value of a fuel can be measured directly 
according to the amount of them it contains. As regard.s the 
-	 knocking and consequently, the general evaluation of the fuels5.
 
the boiling curves are of as little value as the s p ocifid grav-
ities and, since the value of a fuel depends chiefly on its 
capacity for compression, the endeavors to use mean boiling 
points, or boiling cues standardized in any way for judging 
liauid fuels, is just as unpractical as the still common method 
of judging a fuel by its specific gravity. 
The possibility of obtaining a certain uniformity of fuels 
as regards their ,tendency to lthock, by the addition of aromatic 
hydrocarbons, is of great importance for the user and manufactur-
er of gasoline engines because, with a uniform behavior of the 
fuels, the compression ratio of the engine can be made high, and 
lower fuel-consumption rates and higher engine powers can be 
attained., while now.consideration must be taken of the fuels 
with the lowest toluene value in the choice of the compression 
ratio, or the knocking must be prevented by adjusting the carbu- 
retor so as to deliver a richer mixture with a smaller spark ad-
vance, whereby the economy of operation suffers. On account of 
such considerations, ,
 the Shell Marketing Company (Report,. p.90) 
- decided to keep their fuel at a constant predetermined toluene 
value. It would certainly be a great advantage if this impor-
tant step toward fuel standardization were emulated.. 
Mixtures of 99.4% pure alcohol with ether and gasoline show
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(Report, D4247) that the a1lowb1e compression ratio increases 
faster than the proportion of alcohol (Fig. 23), so that the tol-
uene value can be taken at 130 for mixtures containing about 30% 
of alcohol, and 160 for 40% of alcohol. 
12. Of very great importance is the knowledge that there 
are certain substances which, on being added in relatively small 
quantities, considerably lesson the tendency to knock. Lubricat-
ing oil and su1hu' .. wore previously known to soften the detona-
tion (Tizard, "The Causes of-Detonation," p.52). Carbon disul-
fide acts s a remedy, as already mentioned. Amyl nitrite and 
amyl nitrate (Report, p.324) work in the same way. Midgley and 
Boyd. (Report, p.305) found a series of other, substances, some 
of which increase the ieocking and some prevent it, as given in 
Table. IV. 
Element Form Effect 
Iodine Element Preventive 
Nitrogen Aniline It 
Selenium Diethyl compound 
Tellurium 
Zinc Tetraethyl U It 
Lead It	 It U 
Bromium Element Promotive 
Oxygen .	 It .	 It 
Oxygen Ethyl nitrite or nitrate
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Midgley employed a special method fo± determining the 
strength of the detonation; ceresine, as the basic fuel for judg- 
ing the admixtures; xylidine, which has a strong anti-knock ef- 
feOt, as the admixture for comparison. Fig. 24 shows its effect 
in comparison with admixtures of alcohol, xylene, toluene and 
benzene. Five per cent of xylidine by volume in the mixture 
with ceresine produced the same effect as 45% of benzene.. More-
over, in these experiments (differing from those of Ricardo), 
xylene was more effectual than toluene in preventing detonation, 
which may have been due to a difference in the purity of the 
xylene used. 
Midgley also found other substances which, when added in 
extremely small quantities to ceresine, produced the same effect 
as 25% of benzene, as shown in 
Table V. 
Element Form Percentage by volume
No. of mol.	 in mixt.	 to 
1 mol. anti-knock sub.. 
Benzene 25.0 159 
Iodine Ethyl iodide 1.6 2150 
Nitrogen Xylidine 2.0 2600 
Zinc Tetra-ethyl--
zinc 1.2 7100 
Selenium Diethyl 
selenid.e 0.4 11750 
Tellurium Diethyl 
telluride 0.1 50000 
Lead Tetra-ethyl--
lead 0.04 215000
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Moreover, the effect of the anti-knock substance does not 
increase in Droportion to the quantity added to the fuel, but 
attains its maximum value at a crtain relatively high concentra-
tion. Liidglcy does not ascribe the effect to the compound as 
such, but to the particular active element, as shown for two dif-
ferent combinations in
Table VI 
Necessary number of molecules to produce the same anti-knock 
effect as 1 molecule analine. 
'E'lement 
Iodine 
Selenium 
T e 1 lu r ium 
Oxygen
Ethyl compound 
1.09 
26.6 
0.036 (knock-promoting)
Phenyl compound 
0.88 
5.2 
22.0 
0.122 
There were at first some objections to the use of the aost 
active substance, tetra-ethyl-lead, which has a toluene value of 
about 40,000. The originally very high price was reduced by 
quantity production and, in the small quantities required, did 
not greatly increase the cost of the fuel. The combustion prod-
ucts corroded the spark plug electrodes, but this was overcome 
by the addition of carbon tetrachloride and ethyl dibromide to 
the fuel. Lastly, tetra-ethyl itself or its disintegration 
products, affected the lubricating oil and caused gray deposits 
on the cylinder walls. This,, however, did not harm the func-
tioning. Its poisonous nature seems to offer no serious obsta-
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cle to its use in America, since "ethylizers' are kept at the 
seivice stations with which the required quantity of 
lead and ethylene dibromide is added to the gascline while fill-
ing.
13. It has not been satisfactorily explained as to just 
what the really active properties of knock- influncing substances 
are and on what properties of the fuels they act. The aromatic 
hydrocarbons and the alcohols seem, at least when they form the 
principal part of the mixtre, chiefly to raise the self-ignition 
temperature. (In my opinion, this seems to be confirmed by the 
direct proportionality between the a1iovable final compression 
pressure and the percenta ge of toluene.) Moreover, with alcohols, 
-	 the high heat of vaporization seems to have the effect of lower-
ing the temperature of the mixture in the cylinders. On the 
contrary, an admixture of carbon cUsulfide seems rather to affect 
the combustion speed and the same seems to be the case in the 
anti-knock substances tested by Midgicy. At least the admixture 
o± tetra-ethyl-lead to heptane lowered the self-ignition temper-
ature only about 140C (25.20F). 
* Report, p.312. The general public sale of tctra-othyl-load 
was recently stopped, on the basis of an investigation (not yet 
published) by the Colunibia University, in spite of the fact that 
the 73urcau of Mines had preicus1y published its opinion on the 
harmlessness of chc : 'xtures. Their further sale now depends 
on a conference under the control of the chief medical authority 
of the Union.
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Fig. 25 shows that the tendency to knock can be lessened 
without affecting the self-ignition temperature. Up to an athiiix-
ture of about 65% of benzene to a fuel mixture of heptane and 
air (with the same pro-Portion of air and but a very slight change 
in the specific heat of the mixture), its ecU-ignition tempera-
ture reriains constant, as is demonstrated by the constancy of 
the compression ratio at which self--ignition occurred in the 
compression-ignition apparatus, while in Ricardos engine with 
variable compression and increasing benzene content, the allow-
able compression gradually increased (dashed line), 
In any event, practically valuable results, as well as fur-
thor light on the physics of combustion phenomena, are still to 
be expected and it is to be hoped that German investigators 
will again enter this field of research 
The effect of solid bodies, especially the walls of combus-
tion chambers, on the process, of combustion should also be ex-
plained, since its existence has long been demonstrated (Le 
Chatelier, "Le chauffago industriel," p.105, Paris, 1912). 
The use of such expressions as "anti-catalytic effect" de-
notes no progress, but only the substitution of one unknown 
quantity for another. 
-
	
	
14. 1hilo the above-mentioned works e:ive considerable in-
formation as to what influences favor or hinder knocking, espec-
ially regarding the self-ignition temperature and the combustion 
sp eed as characteristic for the tendency of a gaseous mixture to
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detonate and thus furnish important bases for engine desigacrs 
and further research, our knowledge of the production and proper-
ties of explosion waves has not been essentially increased since 
Nernet's report on the work of Berthelot, Mallard, Le Chatolier, 
Dixon, Jonuet and himself.* 
Only one article by d6seit can be mentioned, which computes 
the linear (chemical) combustion speed of a gas, flowing from a 
tube and burning at its mouth, from the chemical and physical 
properties of the mixturo 	 His results not only agree well 
with the results of other irvestigators, but lead also to fur-
ther knowledge on the effect of the mixture ratio, of the initial 
temperature (preliminary heating) and of the compression, which 
agrees qualitatively with what we know regarding combustion in 
closed vessels, 
Knocking, Engine Power, and Efficiency 
Tizard and Pyc have demonstrated . by computation (Report, 
pp. 4 and 10) and Ricardo (Report, pp. 54 and 100. See also 
Table II), by numcrcus experiments that, with like compression 
*uphysikalisch chemische Eetrachbi..ngen ikber den Verbrennungs-
prozcss in der Gaemaschine, Z.V.d.I. 1905, p.1426. Morgan's 
article, 11 Somc Experiments on Gas Explosions in Closed Tubes, 
with Particular :fcrice to 'Pinking" I (The Automobile Engineer, 
Vol. XV, 1925, p27). describes interesting methods of research, 
without giving any new information, however, on the nature of 
the explosion wave or its connection with the phenomenon of 
knocking. 
* *U fl i Zundungsgeschwindigkeit brennbarer Gasgemische," Z.V.d. 
•	 I. 1915, p.72.
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and chemical-mixture ratios (or with the practically employed 
ratios which do not differ greatly fromthe chemical ratios as 
regards high cfficiency), as likewise with equal preliminary 
heating of all the hydrocarbons and alcohols, the same thermal 
efficiency (with differences of not over i) and, for hydrocar-
bons, also the same maxirnim mean indicated presure (with differ-
ences of not over O.) will be obtained. The alcohols yield 
higher mean indicated pressures, since their greater heat of 
vaDorization allows.greatcr charges. If these arc kept equal, 
the maximum engine powers also remain within the same limits as 
for the hydrocarbons. .11so the heating power of the mixture per 
unit volume shows, with the chemical mixture ratio, a maximum 
difference of only 2%. The compression ratio, at which the var-
ious fuels arc compared, must, of course, be so chosen that no 
knocking will occur. The attainable maximum engine powers and 
thermal efficiencies can therefore be regarded as independent of 
the otherwise individual properties of the fuels and as dependent 
only on the compression ratio, whose maximum value is determined 
by the tendency of the given fuel to knock. 
Fig. 26 shows the ma y. irnum thermal efficiencies in the van- 
able-compression engine. Moreover, according to Tizai'd and Pye, 
the thermal efficincics for cyclic rocesses with adiabatic corn-
pression and expansion of the initial volume and thermal gain 
-	 and loss (combustion and exhaust) at constant volume, are given.
N.A.C.. Technical Memorandum No. 371 	 32 
a) For an ideal gas, without dissociation and with constant 
specific heats: 
b) For mixtures of benzene and air containing 60 and 20% 
excess of air and having a chemical mixture ratio with allowance 
for the dissociation and the changeableness of the specific heat.* 
In all cases the thermal efficiency is 11 1 - r, La 
which r is the compression ratio and n is to be taken from 
Table VII 
Air excess 0 20 50 
n
, 
0.26 0.30 0.33 0.40
Fig. 27 shows the effect of the mixture ratio on the thermal 
efficiency for the compression ratio of 5 : 1. 
In Fig. 28, the maximum mean indicated pressure is plotted 
against the compression ratio, according to the result's of 
Ricardo's experiments with the variable-compression engine and 
computed according to Tizard and Pye for the chemical-mixture 
ratio. 
The fact that, according to the experiments, an increase 
in the mean pressure with the compression does not occur in the 
same ratio as in the computations, while the experimental and 
computed thermal efficiencies agrce very well, is due to the 
decrease in the volumetric efficiency with increasing compres-__— 
*Report ,
 p.1. 11 Nt sselt (Entropievcrmehrung in der Gasmaschino,U 
Zei-tschrift fur das gesarnte Turbinenwosen, 1917, Nos.1-3) also 
makes alloivamce for the energy lost in mixing the gases. For 
earlier computations with the same goal, see Nernst, already 
re±'crrcd to. 
I
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sion, which is not explainod by the experimcn-ts.* 
The fact that the tc'!uono value of a fuci can be regarded 
to a certain dcg-rc-e as the criterion of the fuel, follows, in 
conjunction with the above, from Fig. 29, in which the maximum 
power and the thermal efficiency are plottod against the toluene 
value according to the experiments with the variable-compression 
engine. 
Fig. 30 shows how the knocking affects engine power and ef-
ficiency with a fuel for which the detonation begins at a corn-
pression ratio of 5 : 1. With a further increase in the com-
press i on ratio. , there is at first a gradual and -then a more rap-
id decrease in power and effi•cicncy. 
If, therefore, I have demonstrated that "knocking" is de- 
cisivo for the evaluation of fuels for gasoline engines, this 
will excuse the length of my article, in. which I have endeav-
-	 b to make the scattered and, in part, difficultly obtainable 
but extremely valuable information more easily avaiiible for 
German tochnicists, without concealing the gaps and deficien- 
cies, and to stimulate engineers to the application of and sci-
entists to further additions to our present knowledge. 
*pofhaps an accurate determination of the heat content of the 
residual gts, together with an app roximate computation of the 
heat absorbed from the ind.ravm mixture by the cylinder walls 
would ex-)lain it.
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Supplementary 
A new theory of the action of anti-detonating agents (Auto- 
motive Inc1nstri.es, Vol. 52, April 9, 1925, p.650) was propounded 
in a recent paper by Prof. 1G. L. Wendt of the Pennsylvania State 
College and V. F. Grimm of the Standard Oil Company of Indiana, 
read before the American Chemical Society. The theory is ox-
plained as follows. 
"It is well known that all fla;ies are highly ionized, that 
is, they are excellent carriers of an electric current. This 
- means that the energy released in the burning of the gas mixture 
sees in part to liberate clectrons from the reacting molecules. 
The advance of electrons propelled at high velocity from the 
flame front undoubtedly ionize the molecules in the gaseous re- 
gion just ahead of the flame. 
"This ionization is tentatively regarded as the factor di-
rectly responsible for the increased acceleration of the flame. 
At high temperatures and high pressures, such as alys obtain 
when detonation is excessive, the velocity of the liberated 
electrons is high and their energy is readily absorbed by the 
combustible pas. 
"The rate of fin-Lie propagation therefore becomes extremely 
high. It is, then, the function of the anti-knock . molecules or, 
more particularly, the lead atoms present in the commonest exam-
ple of anti-knock, tetra-ethyl-lead, to attract these electrons,
N.A.C.A .
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thus forming highly charged idad ions and preventing the former 
ready ionization of the unburned gas.11 
A connnunication from Prof; Kutzbach which, with his permis-
sion, I shall utilize extensively in the following paragraphs 
and several remarks in the technical journals have influenced 
me to suggest standard terms for the combustion processes in en-
gines, in order, by the coordination of the terms and ideas to 
facilitate their explanation, without deviating more than neces-
sary from current terminology. 
1. First of all, the idea of ignition must be distinguished 
from that of combustion and I suggest that the term !Ijgnjtjonit 
be applied only to the beginning of the combustion and that, in 
its continuation, we speak only of "combustior" that is, 11 propa-
gation of the combustion," not of the ignition; "combustion specd 
-	 not ignition speed, etc. In the narrower sense, combustion is 
the combining of any substance with oxygen gas to form oxides as 
combustion products, with the evolution of heat. In a broader 
sense, combustion may denote the combining of any substance with 
oxygen compounds or oven with other su'ostances with the evolu- 
tion of heat. 
2. In gasoline engines the combustion is started by the 
"igniter" (generally a spark plug), whereby, according to the 
time of the ignition with reference to the position of the piston
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dead center, rhich may be adjustable by hand or automatically, 
-	 we speak of "advanced" or "retarded" ignition. 
3. "After-burning" for retarded combustion) -occurs vhen, 
at the time the exhaust valve opens, the combustion is still in 
progress, as the result of too slow combustion or too late ig-
nit ion.
4. "Premature ignition" is the term I apply to the uninten-
tional starting of the combustion from highly heated parts in the 
combustion chamber (e.g., valves and spark plugs), before the 
passage of the spark, which is usually due to fouling and incrus-
tation. 
-	 5. By "self-ignition," on the other band, I mean: 
a) When the chemical reaction takes place without any ex-
ternal agency, as, for example, with explosives and carb'on under 
certain conditions, but also with gases, usually with the simul-
taneous action of catalyzers; 
b) Then the fuel ignites from its environment, e.g., highly 
heated and highly compressed air in internal combustion engines 
and in testing devices for determining self-ignition tempera-
tures - * 
"Self-ignition temperature" (also often called "ignition temper-
ature") seems clearer to me than the expression "ignition point," 
which would more properly denQte the location in the combustion 
chamber from which the combustion spreads. It is the lowest tem-
perature at which, under the given conditions, combustion can be 
started.
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6. The starting of the combustion entirely or PrinciDally 
by com-pression maybe termed "pressure ignition" and can be oro-
duc ed: 
a) By reducing the volume of the ignitible mixture inclosed 
in a chamber (compression-ignition chamber) in such a way that 
the combustion proceeds from the center of the chamber, which 
can the least readily impart heat to the chamber walls. 
h) By the proDaation of a correspondingly high pressure 
from a source of pressure and at a velocity which corresponding- 
ly diminishes the liberation of heat and consequently makes the 
compression nearly adiabatic. In most cases, the latter process 
should be termed "pressure combustion," since the pressure in-
crease almost always comes from a combustion process which has 
already been started in some other way. 
Such arrangements, however, as are described in "Zeitschrift 
des Vereines deutsoher Ingenicuro 1906 p. 437 (Fig. 1) i± which 
the combustion, starting from the point of ignition Z, by ex-
plosive overlapping from the chamber A l demolished the chamber 
B, while the combustion, on the removal of the intervening par-
tition, proceeded without disturbance and hence without generat-
ing a higher p ressure, represent, on the contrary (if B is ro- 
garded as the real combustion chamber and A as the ignition 
chamber) arrangements for flow ignition, as they were proposed 
-	 ..lso for the ignition places of engines (spark plugs with igni-
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tion chamber), for accelerating the combustion.. 
In these cases, the Berthelot pressure wave (onde explosive) 
ated, beside which the heat conduction and the turbulence. is g ner  
play only a subordinate role in propagation of the combustion. 
For this phenomenon I have proposed the word. "Verpuffung" as the 
logical translation of the English "detonation," a word which 
was introduced by G4hdner for the combustion process in gasoline 
engines, but which, with the substitution of the clearer exores-
sion "Zi!ndermotor" (internal combustion engine or gasoline engine) 
for "Verpuffungsmotor" (detonation or explosion engine),, could 
again be i'eserved for explosive combustion. 
7. The word "combustion" may denote any one of three forms 
of chemical reaction, which differ gre atly in their propagstion 
velocity (sce paragraph 1): 
a) The combustion of outflowing gases in the spherical coca- 
bustion-chamber experiments of Ntge1 and his followers, with ve-
locities of an order of magnitude up to an
 little over 5 m (16 ft.) 
per sec.
b) The combustion in the experiments of Berthelot, Dixon 
and others, with velocities corresponding to the velocity of 
sound in the combustion gases used.. 
c) Engine combustion with velocities about ten tiros as 
Frcat as the ones measured by Nagel, as demonstrated directly by 
the pressure diagrams and indirectly by the fact that almost
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complete combustion is attainable in combustion engines at the 
highest attainable piston speeds. 
Unfortunately these very combustion processes, in which the 
turbulence or propagation by connection probably plays a decisive 
role, have hitherto been comparatively little investigated. 
In the form a, the heat was probably transmitted by conduc-
tion and in the formn b, by the pressure wave. All three forms 
of combustion, according to the circumstances, may change more 
or less constantly into one another and the very first stages, 
or the increase in the combustion speed during the same, nay be 
important. 
For testing fuels for intcial combustion engines, one of 
the pressure-ignition engines similar to Tizard's into whose 
cylinders, on reaching the dead point, small portions of fuel 
were injected in the liquid form, the same as in solid-injection 
Diesel engines, would perhaps be valuable. The combustion proc-
ess could be judged from the presure curve. 
S. According to the prevailing conception, which I adopted 
as the basis of my report, knocking (English pinking") is due 
to combustion waves of high velocity. Pure mechanical noises, 
such as the striking of piston pins and connecting rod and crank-
shaft bearings, can usually be distinguished without difficulty, 
although the sounds may be similar under certain circumstances, 
since they also occur, when anti-knock measures (such as retard-
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od ignition and enrichment of the mixture) are adopted. 
The ignition waves can be produced both in normal ignition 
and in premature ignition (Section 4). Thc latter case was ob-
served in gas engines, where abnormal and sudden pressure in-
creases were established, by means of indicator diagrams, as the 
cause of the knocks and shocks, which frequently occurred with 
rapidly diminishing strength during the exhaust stroke. This 
evil was eliminated by damning the cylinders, but began again 
as the cylinders gradually became foul. Cooling the exhaust 
valves lessened and the residues of poor oil increased the knock-
ing, which also decreased with inc±easing revolution speed. 
That knocking occurs in such cases of preignition, even with 
fuels otherwise exhibiting but little tendency thereto, may be 
due to the fact that the preignition during the compression 
stroke takes place some time before the dead center, so that the 
increase in the combustion spced is greater. 
Translation by Dwight M. Miner, 
National Advisory Committee 
for Aeronautics. 
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N.A.C.A. Technical Memorandum No.371 	 Figs.2 & 3 
kc/cv=1.29 
1) Final compr. 
press. 29.5 atm. 
2) Final pressure 
after cooling. 
3) Atmospheric line.
2) 
3)- 
 
Fig.2 Pressure diagram of Tizard.!s compression ignition 
apparatus. Compression af hydrogen without ignition. 
Initial temperature 60°C(l40°F);corripression ratio 
13.8:1.
1)
	
2) 
3) 
i) Compression pressure 9.34 atm.(computed. temperature 
29200(557.60F). 
2) Ignition after about 0.25 seconds delay. 
3) Atmospheric line. 
Fig.3 Pressure diagram of Tizard's compression ignition 
apparatus.. :Heptane O.80part in 15 parts air.. 
Initial temperature 59 c(1380F);comp. ratio,551. 
1)
N.A.C.A. Technical Memorandum No.371	 Figs.4 & 5 
ot) 
•	 0 
bD
20 
- CO 
to 
0) 
0) C 
"	
.25 .5 .75 
Sec. 
Fig.4 Time-pressure diagram of Tizard's compression-
ignition apparatus. Heptane-air mixture. Final 
compression temperature 282 0 (539.6 0F), wind vanes at rest. 
Ignition delay 0.58 sec. 
No.'_ Comresion_chamber Compr. Relative 
Shape & Remarks ratio efficiency  
spark-plug mt.	 ex 
1 2 2 Roof-shaped 5.4:1 10 
2 2 2 3 1/2 Spark-plug in 5.4:1 100 
I 3j:n3 
I
center  - ____________
2spark-plugs 15.2:1 97 
-. 
'
-
on each side  
4 - ispark-plug ov5.0:1 
-er intake val.  
94 
5 Spark-plug in 4.7:1 87 
center of cvi.  
6 Spark-plug in 4.5:1 85 
valve chamber  
7 Spark-plug opp.4.2:1 80 
valve chamber  
8 - 1:1.4 High speo.turb 4.9:1 88 
'I accor.to Ricardo 0 9 1:2 5,0:1 90 
10 1	 '° - Spark-plug in	 4.6:1 80 
I
center of cyl. 
11 Spark-plug over 4.4:1 77 
intake valve
 
12 -T Spark-plug in 4.6:1 80 
1	 12
cener of cvi. 
3
____________
Spark-plug over 4.2:1
__________ 
75 
intake valve 
Fig.5	 Evaluation of various cylinder-head shapes according to 
Ricardo (1923).
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Fig.6 Ignition delay at various oomoresion temperatures 
as measi:x6d in Tizaris correeion ignition 
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Fig.? Effect of pressure on self-ignition temperature. 
m 
Experirnent3. P1 = 1.5 absolute atm., u = 0.0935 sec. 
z = 70mm 'y = 8.62 rn/sec. 
Fig.8 Time-pressure diagram from Nagel t s spherical chamber exp. 
3.0 
Tj 
(1) 
(I) 
c 2.0 
CO 
H'=O.lb 2 H'( .14	 1
=0.l8 AH1=0.25
H0.24 
2
/ 
_ /2
N.AIC.A. Technical Memoranuum No.321 
8.0 
p 1 4.0 
6.0
L=C .l1 
G0
T2. LO.i5L>( - 
Figs. 9&l0 
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0	 1	 2	 3	 4 
y, rn/sec. 
Mixture of illuminating gas and air. 
-----Mixture of generator gas an air. 
-_—Experiments at initial ternperatue of 
-- Experiments at 
Fig.9 Experiments with illuminating gas anu generator gas 
mixed with air. Combustion speeaplotteu against the 
initial pressure. 
0 
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0
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16 
-	 ry,m /Sec . 
Fig.10 Experiments with hya.rogon-air mixtures combustion 
specaY plotteu agint initial pressure , with 
same hydrogen content.
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-	 _______________________ 
0	 1	 2	 3	 4	 5	 6atm. 
Absolute initial Dresure 
Fig.11 Combustion spee of 	 u mixre, with 5% methane and 
increasing hydrogen content, plotted against va±ious 
initial pressures of tae cia:ege. 
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Fig.12 Combustion speed of methane-air mixtures with un-
changed heating value and various initial pressures 
of the charge. 
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Figs.16 &.17 
(% admixture in the indrawn mixture) 
Fig.16 Effect of admixtures of inert gases on the compression 
ratio at which knocking occurs. 
E JU 
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CD
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Compression ratio 
Fig.17	 Mean indicated, pressure and fuel consumption on 
the admixture of cooled exhaust gases .-------Mean ind-
icated pressure and fuel consumption with a fuel, which can also 
stand normal compression ratios. 
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Fig.19	 Comp. ratio at which 
knocking occurs plot-
ted against mixt. ratio. Ex-
periments with stTatified 
chargës(gasoline without arom-
atic hydrocarbons). 
0	 1	 2	 3	 4 
Parts heptane to 15 parts of air 
Fig.18 Effect of mixture ratio 
on compression ratio at 
which self-ignition occurs 
(according to Tizard).
0 10 20 30 40 50 60 70 80 90 
Volumetric % of fuel 
Fig.20 Effect of mixture ratio plotted against ignition 
temperature.	 '• 
A (Mixture of oxygen or detonating gas with H 2
 or CO)- 
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Fig.21 Toluene value plotted against compressionratlo 
according to experiments in engine with variable 
compression. 
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o = gasoline-benzene mixtures 
= gasoline-xylene mixtures 
Fig.22 Self-ignition temperature plotted aainst solubility 
in 92% alcohol(according to Ormandy).
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Compression ratio 
Fig.23 Toluene values of mixtures. A, benzene in heptane, 
B, toluene in heptane, C, alcohol in Mexican fuel, 
D, alcohol in Prattts fuel. 
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Fig.24 Comparison of the knock-preventing effect of alcohol, 
benzene, toluene and xylene with xylidine(according 
to Midgley.
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A Cyclic process with an 
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Figs.25,26 & 27 
0	 25	 50 75 100 
% bon;ene 
Fig.25 Effect of benzene content of a he-benzone mixture 
on the compression ratio necessary for self ignition 
and detonation.
60
Fig.26	 Thermal efficiency plotted against the compression 
ratio. Computed by Tizard & Rye. 
50  
40 
&1.)	 30
 
0	 2 '1	 6 8	 10 
Parts by weight of benzene to 13.2 parts of air. 
ACyclic process with an ideal gas. 
Fig.27	 Maximum thermal efficiency(calculatcd)for a COilip— 
ression ratio of 5.1 and various mixture ratios of 
benzene and air.
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Fig.28	 A.Effect of compression ratio on the mean indicated 
pressure for the chemical mixture ratio and a cyclic 
process according to Tizard & Rye as also for a volumetric 
efficiency of 77o. 
B.Effect of compression ratio on the mean indicated 
pressure according to experiments in the variable—compression 
engine. C.Volumetric efficiency plotted against compression ratio. 
C
A.C..1. Technical Memorandum No.371
	
Figs.-29 & 30 
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Fig.29 Effect of toluene value on the mean indicated pressure 
and on the thermal efficiency(engine with variable 
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